Many cognitive paradigms require self-paced responses or examine events that occur at unpredictable times. To explore whether functional MRI (fMRI) can accommodate such paradigms, a method allowing rapid, unpredictable trial pacing was developed and tested on 17 subjects using activation of the motor network as a model. Trial onset was determined solely by the subjects' self-paced responses and trials occurred, on average, less than 2 s apart. The hemodynamic response was estimated both in relation to stimulus onset (stimulus-locked) and in relation to behavioral response time (response-locked). Results yielded robust activation maps and hemodynamic response estimates. Specifically, significant activation in motor cortex, supplementary motor area (SMA), and cerebellum was observed both at the group and at the individual-subject level, confirming predicted patterns of brain activity. Moreover, the self-paced design resulted in even temporal sampling of the hemodynamic response across the image acquisition, allowing estimation of response parameters. Stimulus-locked analysis demonstrated strong correlation between hemodynamic-and behavioral-response timing both within and across subjects. Conversely, responselocked analysis showed minimal correlation with behavioral timing, suggesting effective resynchronization of the timing parameters. These results demonstrate fMRI procedures that can accommodate rapid, arbitrarily timed events and, in doing so, provide precise temporal estimates of the hemodynamic response.
INTRODUCTION
Functional MRI (fMRI) studies typically involve paradigms in which the trial events occur at times predefined by the experimenter. Such studies make use of either "blocked" designs, in which trials of a given experimental condition are presented in succession (Bandettini et al., 1992; Kwong et al., 1992; Ogawa et al., 1992; Bandettini, 1993; Friston et al., 1994) or of "event-related" designs, in which trials of different conditions are randomly intermixed within a run (Dale and Buckner, 1997; Josephs et al., 1997; Zarahn et al., 1997; Clark et al., 1998; Rosen et al., 1998) . By far the most common strategy in both blocked and event-related studies of brain function has been to fix the pace of trial presentation such that trials always occur at evenly spaced intervals predetermined by the experimenter.
However, there are a number of scientific questions that require analysis of events that occur at unpredictable times. For example, event-related paradigms in which subjects must self-pace their responses to either maximize response rates or avoid down time between trials require paradigms that can accommodate variable trial onsets. Studies of patient populations or children may also benefit from self-paced responding. An fMRI paradigm that allowed such a self-paced trial presentation would both eliminate down time, minimizing its potentially confounding effects (see D'Esposito et al., 1997; Binder et al., 1999) , and in turn maximize power. As another example, certain paradigms cannot specify in advance when an event of interest will occur because event timing is determined by the evolving cognitive state of the subject. In addition, the ability to analyze arbitrarily-timed events would enable exploration based on temporally separate components of a trial such as the stimulus onset versus the response onset.
Prior studies have begun to use event-related fMRI to explore paradigms in which events occur at unpredictable times. For example, binocular rivalry is a phenomenon that occurs when two different monocular images are presented to each eye. At any given moment, subjects typically report seeing only one of the two images, and the switch between perceptions occurs at unpredictable time intervals. Neural activity associated with these perceptual switches has been studied by basing analysis on the onsets of the unpredictable perceptual switches (Lumer et al., 1998; Tong et al., 1998; Lumer and Rees, 1999) . In similar fashion, a recent study examined correlates of perceptual segmentation of complex, continuous events by time-locking to the perceptual boundaries identified by the subjects (Zacks et al., 2001) . Time-locking to behavioral response onset was also performed in a recent study of mental rotation of three-dimensional objects using single-trial fMRI (Richter et al., 2000) . As a final example, investigation of epileptic seizure foci has been conducted by acquiring imaging data following spontaneously occurring EEG indications of seizure activity (see Schomer et al., 2000 for a review).
In general, hemodynamic response estimation should be possible in experimental paradigms associated with random event timing so long as there is sufficient temporal jitter (variation) between sequential trials of the same type (Dale and Buckner, 1997; Buckner et al., 1998; Dale, 1999; Friston et al., 1999; Josephs and Henson, 1999; Miezin et al., 2000) . Hemodynamic estimation can even occur if trial onsets vary in relation to the beginning of each image acquisition (e.g., Josephs et al., 1997; Burock et al., 1998; Miezin et al., 2000) . In fact increased variance in sampling across the image acquisition is an asset, since it leads to an oversampling of the hemodynamic response, as demonstrated by Josephs et al. (1997;  see also Miezin et al., 2000) . From a methodological standpoint, paradigms with unpredictable trial times are thus analytically similar to existing event-related procedures where the trial occurs at multiple points within the image acquisition. They however differ in two respects. First, in a paradigm containing unpredictable trial times, the specific time of trial onset within the image acquisition must be recorded for each trial, as it cannot be specified in advance. Second, the response patterns of the subject (in combination with the ordering of trial types) control the temporal position of each trial's onset in relation to the preceding trials.
In the present paper, a self-paced event-related fMRI paradigm is presented that explores the consequences of these two differences. Two goals were pursued in developing the paradigm. The first goal was to determine the paradigm's ability to successfully detect task correlated activation during trials that are fully selfpaced by the subjects and occur, on average, faster than the repetition time (TR). The second goal was to investigate the potential use of the self-paced method to precisely characterize the hemodynamic response, based on the paradigm's inherent ability to oversample the response. The cognitive paradigm chosen was a simple discrimination task in which subjects indicated whether a pair of rotated figures were identical or mirror images. Trial pacing was determined purely by the subject's preceding trial response time.
METHODS

Subjects
17 right-handed subjects (8 males, mean age 22.2, range 19 -31 years) were recruited from the Washington University community in return for payment. All had normal or corrected-to-normal vision, and reported no history of significant neurological or psychiatric problems. Subjects provided informed consent in accordance with the guidelines set by the Washington University Human Studies Committee.
Imaging Procedures
All scans were conducted on a Siemens 1.5-T Vision scanner (Erlangen, Germany) equipped with a standard circularly polarized head coil. Head movement was minimized by using a thermoplastic face mask and foam cushions. Headphones were used to reduce scanner noise and to communicate with the subject. Whole brain structural images were obtained for each subject using a high resolution (1.25 ϫ 1 ϫ 1 mm) sagittal MP-RAGE T1-weighted sequence (TR ϭ 9.7 ms, TE ϭ 4 ms, flip angle ϭ 10°, TI ϭ 20 ms, TD ϭ 500 ms). Structural images provided detailed anatomic information for transforming each subject's data into standardized atlas space as well as for activation map underlays. Structural imaging was followed by acquisition of whole-brain functional images sensitive to blood oxygenation level dependent (BOLD) contrast using an echo-planar asymmetric spin-echo sequence (volume TR ϭ 2.36 s, TE ϭ 37 ms, 3.75 ϫ 3.75 mm in-plane resolution, flip angle ϭ 90°). Each functional run acquired 128 sets of 16 contiguous, 8-mm-thick axial images parallel to the anterior-posterior commissural plane, yielding whole-brain coverage every 2.36 s. Hereafter each complete set of 16 images is referred to as an "image acquisition" and its particular position in time is referred to as a "time point." Each functional run lasted approximately 5 min, and subjects rested for approximately 2 min in between functional runs. Four functional runs relevant to this study were acquired for each subject.
Behavioral Procedures
Visual stimuli were generated using a Power Macintosh computer (Apple, Cupertino, CA) running PsyScope software (Cohen et al., 1993) and rear-projected (AmPro Model LCD-150 Display) onto a screen placed at the end of the magnet bore. Subjects viewed the screen via a mirror attached to the head coil and made responses using a magnetic compatible fiber optic keypress connected to the PsyScope button box.
Stimuli consisted of pairs of line drawings representing human figures, presented left and right of a central fixation crosshair. Within a pair, each figure was ro-tated by a discrete amount (in 30°increments, starting at 0°) around an axis perpendicular to the screen. For each pair the figures were either identical, or mirror images of one another along the vertical axis. Nine subjects were instructed to make a left index finger keypress if the figures were identical ("same") or a right index finger keypress if the figures were mirror images ("different"); for the remaining eight subjects the responses were reversed. The stimuli (left and right figures, plus the fixation crosshair) remained on the screen until a response was made, yielding a variable trial duration directly dependent on the subject's response time. After the response, a fixed period of 750 ms of fixation crosshair preceded the presentation of the next stimulus pair.
The choice of behavioral task was motivated by a number of considerations. First, since a major goal of this experiment was to test the feasibility of self-paced event-related fMRI, it was important to select a task whose execution led to a robust and predictable activation pattern. In this fashion, the activation pattern obtained with the self-paced design could be used to validate the method. In the task selected, subjects were required to respond to each trial by making either a left or a right index finger keypress. Sorting the trials at analysis time by whether a right-or a left-hand response was made reduced the task to a comparison between the left and the right motor networks, for which fMRI activation patterns are well known. Second, manipulation of the rotation disparity in each stimulus pair (i.e., the angular difference in the alignment of the two figures) allowed systematic manipulation of the behavioral response time distribution: greater rotation disparity leads to longer response times (Shepard and Metzler, 1971 ). An extended response time distribution allowed meaningful exploration of the temporal precision of self-paced methods, including the effect of time-locking trials either to the onset of the visual stimulus or to the subject's response.
Trial Pacing and Timing
Each functional run consisted of 128 image acquisitions. The first 4 image acquisitions were discarded to allow for T1 stabilization. In the 124 image acquisitions remaining, a rapidly presented self-paced sequence of trials as described above was presented in succession. The onset of the first self-paced trial was time-locked to the onset of the 5th image acquisition, but the onset of all the successive trials was determined by the behavioral response times of the preceding trials. The pacing of the trials in this phase of the functional run was therefore determined exclusively by each subject's individual response times.
To ensure that the precise timing of the trials relative to the scanner image acquisitions could be determined, three separate event types were recorded: (1) the trial onset times referenced to the beginning of the functional run, (2) the behavioral response times, and (3) the times at which each scanner image acquisition began (via an output pulse generated by the scanner). This event combination allowed the onset time of each trial to be determined with respect to each scanner image acquisition, an important requirement for precise temporal analysis of the data, as described below.
Functional Data Preprocessing
Each whole-brain functional volume was corrected for odd/even differences in slice intensity. Motion correction between volumes and runs was then performed using a rigid-body rotation and translation algorithm (Snyder, 1996) . Between-slice timing differences caused by the slice acquisition order were corrected using sinc interpolation to the midpoint of the first slice acquired during each image acquisition. A linear slope component was then removed from each voxel and each functional run's whole-brain signal intensity was normalized to the arbitrary value of 1000 using a single scaling factor per run. Structural and functional images were transformed into standardized atlas space (Talairach and Tournoux, 1988) and resampled into 2-mm isotropic voxels. Atlas transformation of each functional run was achieved as previously described (Ojemann et al., 1997) by computing a sequence of affine transforms (from the first BOLD image to the individual-subject MP-RAGE to the atlasrepresentative target MP-RAGE) which were combined by matrix multiplication. The atlas representative target was made to conform to the Talairach atlas (Talairach and Tournoux, 1988) using the method of Lancaster and colleagues (1995) .
Temporal Sampling
Because of the self-paced nature of the experimental design, trial onset times after the first five trials in each functional run were not time-locked to the beginning of each image acquisition, but rather took place at variable times ranging between 0 and 2360 ms after the beginning of the image acquisition. This yielded an oversampling of the hemodynamic response, similar to Josephs et al. (1997) . To make use of the oversampling and to explicitly explore the effect of increased sampling resolution, the image acquisition was arbitrarily subdivided into a finite number of time bins, of equal width. Each trial was then rebinned to the time bin closest to the true trial onset. After trials were selectively averaged as described below, this produced a temporal resolution equal to the bin width used. The size of the bin width was systematically varied to include bin widths (1) equal to the TR (2360 ms), (2) half of the TR (1180 ms), and (3) a quarter of the TR (590 ms). These bin widths are referred to as TR, TR/2, and TR/4 respectively. The choice of temporal bin widths specific to this study was arbitrary, and in general it was an extension of the temporal resolution achieved in previous work (Miezin et al., 2000) .
Statistical Map Generation
After temporal rebinning as described above, trials were sorted by trial type and selectively averaged using the methods of Dale and Buckner (1997) . All trials (both correct and incorrect) were included. In an initial analysis each trial was sorted solely based on the motor response made by the subject, yielding two trial types: RIGHT and LEFT, corresponding to right-and lefthand responses. In further analyses trial types were subdivided based on their response times. The distribution of response times for each subject's hand response (LEFT or RIGHT) was divided into three bins each containing the same number of trials (FAST, ME-DIUM, and SLOW). Trials were then sorted according to FAST RIGHT, MEDIUM RIGHT, and SLOW RIGHT, and to FAST LEFT, MEDIUM LEFT, and SLOW LEFT trial types, based on both response time and response hand. This additional subdivision by response time in addition to response hand was motivated by the intent to further characterize timing differences in the hemodynamic response.
Activation maps were generated by regression of each voxel's difference time-course with a set of idealized hemodynamic response curves, yielding a t-distributed statistic (Dale and Buckner, 1997) . By difference time-course we mean the direct subtraction of the time-courses associated with two given trial types (e.g., RIGHT minus LEFT). The set of idealized response curves consisted of 7 ␥ functions ( ϭ 1.25 s) generated by varying the delay parameter over a 7 s range in 1-s increments (Boynton et al., 1996; Buckner et al., 1998) . The regression was performed against the difference between trial types rather than against the absolute time course of a given trial type because of the rapid trial presentation rate used in the study, which leads to considerable overlap between adjacent trials. Appropriate counterbalancing of trial types (RIGHT versus LEFT) was employed to cancel the effect of overlap between adjacent trials in the difference timecourse.
Regional Analyses and Hemodynamic Response Estimation
Activation peaks were localized for six regions (right and left motor cortex, right and left supplementary motor area (SMA), and right and left cerebellar cortex) using a statistical threshold criterion of 19 or more suprathreshold (Z Ͼ 3.3, P Ͻ 0.001) 8-mm 3 cubic voxels. This threshold has been empirically verified to yield a low false positive rate Konishi et al., 2000) . If more than one significant peak was found within a 12-mm radius, only the most significant peak was kept.
Regions of interest (ROIs) were then defined by including all voxels within 12 mm of the peak location that yielded a significance level greater than P Ͻ 0.001 (Z Ͼ 3.3). Time courses for each trial type were extracted for each region of interest, averaging across all voxels within the region. Difference time courses were then computed for comparisons between trial types, yielding time courses of the BOLD hemodynamic response associated with the given trial type comparison.
Three parameters that characterize the hemodynamic response were estimated for each ROI: amplitude (i.e., the greatest signal change from baseline), time-to-onset (i.e., the time of the first upturn in the evolution of the signal), and time-to-peak (i.e., the time required for the signal to reach the greatest change from baseline). The general shape of a ␥ function was assumed for the hemodynamic response (Boynton et al., 1996) . Nonlinear least-squares fitting of each difference time course was performed with the Levenberg-Marquardt method (Press et al., 1992 ) using a three-parameter ␥ function (Miezin et al., 2000) . Parameter estimates from the model were obtained for each time course (both for the group average and for the individual subjects) and entered into subsequent analyses using a random-effects statistical model to explore effects of response sampling and timing. The chi-square value was used as a measure of the goodness of the fits obtained. On average, the chi-square for individual subject fits was very low (mean Ϯ SEM ϭ 0.017 Ϯ 0.001), indicating that the Gamma function model well predicted the hemodynamic response evolution even at the single subject level. One constraint was used to eliminate unphysiologically fast fits: all fits for which the time-to-onset parameter was less than 500 ms were excluded from further analyses. In this regard, the fitting procedure should be considered to have worked well in most, but not all, instances.
RESULTS
Behavioral Results
Subjects showed good performance on the mental rotation task: the mean number of correct responses was 518 per session, corresponding to 92% correct (standard deviation ϭ 6%, range ϭ 72-98%). Mean response time for right-hand responses across subjects was 1303 ms (standard deviation ϭ 666 ms, median ϭ 1124 ms), while mean response time for left-hand responses was 1348 ms (standard deviation ϭ 792 ms, median ϭ 1117 ms). The shapes of the response time distributions for both right and left-hand responses showed clear right-sided tails (Fig. 1) .
Self-Paced Event-Related fMRI Accurately Detects Task Correlated Brain Activity
The first question addressed was whether the selfpaced procedure could be used to produce accurate maps of task correlated activation. To answer this question, an initial analysis was conducted in which LEFT trials were subtracted from RIGHT trials, and vice versa, across all functional runs and across all subjects. This group analysis was performed using a time bin-width of 2360 ms (equal to TR). Significant task correlated activation was observed in a network of areas consistent with the response hand including left and right motor cortex, left and right SMA, and left and right cerebellar cortex (Fig. 2) . These activations correspond to three important functional areas in the left and the right motor networks, which is consistent with the response requirements of the task, and indicates that the activation patterns obtained using a self-paced design are appropriately correlated with task demands. Moreover, minimal activation outside of these six brain regions was observed for this trial comparison.
To further explore the group-averaged response, time series were extracted for each of the six functionally defined regions of activation. Signal increased for RIGHT over LEFT trials in left motor cortex, left SMA, and right cerebellar cortex, while the response was greater for LEFT trials than for RIGHT trials in right motor cortex, right SMA, and left cerebellar cortex (Fig. 3) . Such signal changes correctly mirror the increases in neural activity in specific regions of the motor network required for execution of the finger keypress response, and do so in an appropriately lateralized fashion, confirming the ability of the self-paced event-related design to detect task-specific activation. The timing of the responses was roughly consistent with prior fixed-pace event-related fMRI studies (e.g., Boynton et al., 1996; Buckner et al., 1996; Konishi et al., 1996) , including a hemodynamic response onset approximately 2 s after the stimulus onset followed by a peak at about 4 to 6 s.
Analyses were extended to the individual subject level to explore the sensitivity and consistency of the method. For these analyses, statistical activation maps were calculated for each subject for the comparison of LEFT and RIGHT motor responses (Fig. 4) . The activation pattern for each subject closely paralleled that observed at the group level, with strong and consistent activation in both right and left motor cortices, as well as in SMA and cerebellum observed in many subjects. The location of the peak motor cortex activation in each subject was also relatively close to the average group location, both for right motor cortex (mean distance ϭ 5.9 mm) and for left motor cortex (mean distance ϭ 6.6 mm) (see Fig. 4 , bottom right panel). These results indicate that a self-paced event-related fMRI experimental design has the power to produce consistent maps of task correlated brain activity at the individualsubject level.
The remaining analyses focused on the use of the increased response sampling obtained with the selfpaced method in quantifying the hemodynamic response, particularly with regards to temporal estimates.
Self-Paced Event-Related fMRI Yields Even Temporal Sampling Across the Image Acquisition
An important question is whether a self-paced paradigm samples the BOLD fMRI signal evenly across an image acquisition, as can be achieved when staggering the trial onsets in a predetermined schedule (e.g., Josephs et al., 1997). An even sampling of the BOLD 
FIG. 2.
Group-averaged statistical activation map for BOLD signal differences between RIGHT and LEFT trials. The RIGHT Ͼ LEFT comparison (red-to-yellow) shows activation in three regions associated with motor planning and execution: left motor cortex (region A, activation peak at atlas coordinates Ϫ37, Ϫ25, 50, based on Talairach and Tournoux, 1988) , left SMA (region C, peak at Ϫ5, Ϫ13, 50), and right cerebellar cortex (region E, peak at 19, Ϫ55, Ϫ22). The LEFT Ͼ RIGHT comparison (blue-to-green) similarly shows activation in the three contralateral motor network regions: right motor cortex (region B, peak at 37, Ϫ25, 50), right SMA (region D, peak at 7, Ϫ17, 50), and left cerebellar cortex (region F, peak at Ϫ15, Ϫ55, Ϫ22). Statistical significance is indicated by the color bars to the right. Maps of activation are shown as horizontal sections and are overlaid on the corresponding group-averaged structural images. The Z coordinate (in mm above the anterior-commissure/posterior-commissure plane) is indicated at the bottom of each horizontal section. signal across the image acquisition is important for precise estimation of the shape and timing of the hemodynamic response, insuring that important features of the response are not "missed" by the paradigm because of under-sampling at specific time points. To determine whether sampling was even across the image acquisition, the time between the beginning of the most recent image acquisition and the time of trial onset was calculated for each trial across all subjects (yielding for each trial a value ranging between 0 and 2360 ms). The distribution of these values for both right-and left-hand responses is graphed in Fig. 5 . The sampling of the BOLD signal across the image acquisition was even for both types of trials (RIGHT and LEFT) across subjects. Similar plots produced separately for each subject (not shown) indicated that the sampling of the signal over the image acquisition remained evenly distributed at the individual-subject level. Thus, response distributions as shown in Fig. 1 yield remarkably even temporal sampling of the hemodynamic response, as shown in Fig. 5 . Furthermore, no significant correlation was observed between trial onset within the image acquisition and trial position within the run (mean r 2 ϭ 0.01).
FIG. 4.
Individual-subject statistical activation maps for BOLD signal differences between RIGHT and LEFT trials. Atlas-transformed maps of activation are displayed for each subject as a horizontal section overlaid on the subject's corresponding structural image. Each section was chosen to be closest to the individual subject's peaks of activation in right and left motor cortex. Statistical significance is indicated as in the legend of Fig. 2 by the color range of the regions of activation (ranging from P Ͻ 0.001 to P Ͻ 10 Ϫ8 ). Task correlated activation in right and left motor cortex is found consistently in all 17 subjects, in addition to activation in SMA and cerebellum in many subjects. In the bottom right-hand corner of the figure, the panel labeled "GROUP" shows locations of the peaks of activation in right and left motor cortex for each subject overlaid on top of a group-averaged structural image (the superior-inferior coordinate for each peak was disregarded in this display). 
Hemodynamic Response Estimates Can Be Computed with Temporal Resolutions Better Than the TR
The increased signal sampling afforded by the selfpaced paradigm may make it possible to derive temporal estimates of the hemodynamic response with a precision better than the TR. To investigate the effect of increased sampling, each image acquisition was subdivided into a finite number of time-bins of equal duration, and each trial was rebinned to the time-bin closest to the actual trial onset. Three different temporal bin-widths were chosen equal to TR, TR/2, and TR/4, respectively, corresponding to three progressively higher temporal resolutions (2360, 1180, and 590 ms, respectively). Time course data for each of these three temporal resolutions are graphed in Fig. 6 combining data across all subjects. Qualitatively the ␥ function model predicted the shape of the responses well in both motor cortices at all three temporal resolutions.
The effect of temporal resolution was further investigated by modeling the hemodynamic response in left and right motor cortices at the individual-subject level for the same three temporal bin widths used above and statistically comparing the results (Fig. 7) . Temporal resolution had a significant effect on the time-to-onset estimates in both right motor cortex (ANOVA F(2,15) ϭ 7.64, P Ͻ 0.005) and left motor cortex (ANOVA F(2,15) ϭ 6.12, P Ͻ 0.01). Post-hoc tests showed significant differences between the TR and TR/2 time-to-onset estimates in both right motor cortex (two-tailed t test, t(15) ϭ 4.25, P Ͻ 0.001) and left motor cortex (two-tailed t-test, t(15) ϭ 3.44, P Ͻ 0.005). A significant difference was also observed between the TR and the TR/4 time-to-onset estimates in right motor cortex (two-tailed t-test, t(15) ϭ 2.71, P Ͻ 0.05) and in left motor cortex (two-tailed t-test, t(15) ϭ 2.47, P Ͻ 0.05). No other post-hoc comparisons reached significance.
Time-to-peak estimates were also significantly affected by temporal resolution in both right motor cortex (ANOVA F(2,15) ϭ 16.51, P Ͻ 0.0001) and left motor cortex (ANOVA F(2,15) ϭ 25.10, P Ͻ 0.0001). While all post-hoc comparisons reached significance, no obvious trend could be discerned across temporal resolutions, other than a significant decrease in the time-to-peak estimate between the TR and the TR/2 resolutions, followed by a mild increase in the same estimate for the TR/4 resolution, which remained significantly lower than that obtained at a resolution equal to TR. This pattern was consistent across the two motor cortex regions.
Temporal resolution had a significant effect on the amplitude estimate in right motor cortex (ANOVA F(2,15) ϭ 7.94, P Ͻ 0.005), with a trend showing a decrease in amplitude estimates with increasing resolution. Post-hoc tests showed significant differences between the TR and the TR/4 amplitude estimates (two-tailed t-test, t(15) ϭ 3.37, P Ͻ 0.005), and between the TR/2 and the TR/4 amplitude estimates (two-tailed t-test, t(15) ϭ 3.28, P Ͻ 0.01). No significant effect of temporal resolution was observed in left motor cortex (ANOVA F(2,15) ϭ 1.25, P Ͼ 0.3), although a significant difference between TR/2 and TR/4 amplitude estimates was observed post-hoc (two-tailed t-test, t(15) ϭ 2.71, P Ͻ 0.05), and a similar downward trend with increasing resolution was observed upon visual inspection.
Self-Paced Event-Related fMRI Allows Accurate Quantification of Hemodynamic Response Timing that Tracks Behavioral Response Timing
A recent report using a variation of a fixed-pace experimental design showed that the stability of within-region timing estimates allows accurate inferences about the timing of neural activity (Miezin et al., 2000 ; see also Savoy et al., 1995; Menon et al., 1998; Rajapakse et al., 1998; Dymond et al., 1999; Kruggel and von Cramon, 1999) . To explore the feasibility of temporal estimation in a self-paced design in a manner analogous to Miezin et al. (2000) , trials for each subject for RIGHT and LEFT motor cortex regions were selectively averaged into FAST, MEDIUM, and SLOW trial bins, according to their associated behavioral response times. Each of the six resulting bins contained the same number of trials. In this manner, bins were defined based on a behavioral measure (response time) likely to associate with the timing of the underlying neural activity required for response execution.
Strong correlations between hemodynamic response timing estimates and behavioral response time were observed in both regions (Fig. 8) . Mean time-to-peak estimates showed a high degree of correlation with mean behavioral response times in both right motor cortex (r 2 ϭ 0.98) and left motor cortex (r 2 ϭ 0.96). Mean timeto-onset estimates were also highly correlated with behavioral response time in both right motor cortex (r 2 ϭ 0.94) and left motor cortex (r 2 ϭ 0.96). Notably, mean amplitude estimates were also correlated with behavioral response time in both right motor cortex (r 2 ϭ 0.98) and left motor cortex (r 2 ϭ 0.83); however, in both cases the sign of the correlation was negative (i.e., decreased amplitudes for longer reaction times).
FIG. 6.
Hemodynamic response estimates for left and right motor cortex are plotted together for each temporal bin width used in the experiment (TR, TR/2, TR/4). Dots show means for each subject for each time point. Solid lines represent the best fit to the data points using a three-parameter ␥ function model. The predicted hemodynamic response curve is consistent across temporal resolutions, in terms of both amplitude and timing. Each subject's hemodynamic response estimate was obtained by averaging across voxels in a supra-threshold (P Ͻ 0.001) region defined based on the given subject's activation.
Post-hoc tests were further conducted on the timeto-onset and time-to-peak estimates comparing directly FAST, MEDIUM, and SLOW bins. Timing estimates for SLOW trials were significantly slower than the corresponding estimates for FAST and for ME-DIUM trials in both motor cortices. Specifically, in right motor cortex, time-to-onset estimates for SLOW trials were significantly slower than the estimates for FAST (two-tailed t-test, t(12) ϭ Ϫ2.23, P Ͻ 0.05) and for MEDIUM trials (two-tailed t-test, t(12) ϭ Ϫ2.35, P Ͻ 0.05). Similarly, in left motor cortex time-to-onset estimates for SLOW trials were also significantly slower than estimates for FAST (two-tailed t-test, t(13) ϭ Ϫ2.97, P Ͻ 0.05) and for MEDIUM trials (twotailed t-test, t(13) ϭ Ϫ2.84, P Ͻ 0.05). Time-to-peak estimates for SLOW trials in right motor cortex were significantly slower than the corresponding FAST (two-tailed t-test, t(12) ϭ Ϫ3.30, P Ͻ 0.01) and ME-DIUM (two-tailed t-test, t(12) ϭ Ϫ3.30, P Ͻ 0.01) estimates. Similarly, time-to-peak estimates for SLOW trials in left motor cortex were significantly slower than both FAST (two-tailed t-test, t(13) ϭ Ϫ5.17, P Ͻ 0.0005) and MEDIUM (two-tailed t-test, t(13) ϭ Ϫ4.00, P Ͻ 0.005). Comparisons between FAST and MEDIUM time-to-onset and time-to-peak estimates did not reach significance in either region.
Post-hoc tests were similarly conducted on the amplitude estimates. No significant differences were ob-
FIG. 7.
Mean parameter estimates for left and right motor cortex for each temporal bin width (TR, TR/2, TR/4) across subjects. The time-to-onset and, less compellingly, the time-to-peak estimates decreased with increasing temporal resolution, in both cortical regions. Similarly, the estimate of the amplitude also decreased at higher temporal resolutions. Error bars indicate standard errors of the mean. served in amplitude estimates in right motor cortex for any comparisons. On the other hand, in left motor cortex amplitude estimates for SLOW trials were significantly smaller than the corresponding estimates for FAST trials (two-tailed t-test, t(13) ϭ 3.01, P Ͻ 0.01) and MEDIUM trials (two-tailed t-test, t(13) ϭ 2.54, P Ͻ 0.05). No significant difference was observed between FAST and MEDIUM amplitude estimates in left motor cortex.
Significant hemodynamic timing differences between the MEDIUM and SLOW trial bins suggest that self-paced methods can resolve neural timing differences of about 600 ms. Placing boundary conditions on the method's utility, the above analyses failed to detect hemodynamic timing differences between the FAST and MEDIUM trial bins, which reflect behavioral response time differences of about 400 ms.
Individual Subject Hemodynamic Response Timing Correlates with Behavioral Response Timing
The above analyses establish a correlation between mean hemodynamic timing estimates and mean behavioral response times. Much like Miezin et al. (2000) , these group-averaged estimates make use of relative timing changes within a group of subjects for a constant set of regions; absolute timing differences between regions and subjects were not considered. However, as can be observed by the size of the ordinate error bars in Fig. 8 , there is considerable variance between subjects. Part of this variance may be attributed to underlying differences in vasculature (e.g., see Lee et al., 1995) . Another portion may be due to meaningful differences in the absolute timing of motor cortex activity across subjects. A hint that such differences may be neurally meaningful is gleaned by the increase in the size of the error bars between the FAST, ME-DIUM, and SLOW conditions in Fig. 8 . An increase in the variance across conditions cannot be due to baseline hemodynamic response differences as the regions and subjects are held constant across conditions.
To directly explore whether the absolute timing estimates reflect meaningful differences in underlying neural activity, mean behavioral response times across subjects were regressed with the mean time-to-peak estimates. Correlations were computed separately for each condition so that between-condition variance (as was explored in the earlier section) could not contribute to the present analysis exploring between-subject variance. Figure 9 graphs the results.
Results showed strong and significant correlation between time-to-peak estimates and mean behavioral response times across subjects within each condition (FAST, MEDIUM, and SLOW). Specifically, within the FAST condition time-to-peak estimates correlated significantly with mean behavioral response times in both right motor cortex (r 2 ϭ 0.36; t(11) ϭ 2.47, P Ͻ 0.05)
FIG. 8.
The relation between mean hemodynamic response estimates and mean behavioral response time is plotted for timeto-onset (top panel), time-to-peak (middle panel), and amplitude (bottom panel). Each filled diamond represents the mean of the right motor cortex data from 13 subjects, while each empty diamond represents the mean of the left motor cortex data from 14 subjects. These subjects represent those for whom stable response estimates were obtained across all three conditions. A strong correlation with behavioral timing is observed for both motor regions for both forms of hemodynamic timing estimate. A negative correlation is instead observed between amplitude and behavioral response timing for both motor regions. Error bars represent the standard error of the mean.
and left motor cortex (r 2 ϭ 0.62; t(12) ϭ 4.41, P Ͻ 0.001). Within the MEDIUM condition time-to-peak again correlated significantly with mean behavioral response time across subjects in both right motor cortex (r 2 ϭ 0.55; t(11) ϭ 3.63, P Ͻ 0.005) and left motor cortex (r 2 ϭ .54; t(12) ϭ 3.76, P Ͻ 0.005). Similarly, within the SLOW condition significant correlation was observed between time-to-peak and mean behavioral response time in both right motor cortex (r 2 ϭ 0.56; t(11) ϭ 3.74, P Ͻ 0.005) and left motor cortex (r 2 ϭ 0.41; t(12) ϭ 2.91, P Ͻ 0.05).
The presence of a significant correlation between individual-subject hemodynamic timing estimates and behavioral response times suggests that some of the   FIG. 9 . The relation between individual-subject hemodynamic response timing estimates and behavioral response time is plotted for the time-to-peak estimate for each of the three conditions (FAST, MEDIUM, SLOW) in left and right motor cortex. Strong correlation between time-to-peak and behavioral response time is observed in all conditions in both brain regions, suggesting that the absolute timing of hemodynamic response is a good predictor of the timing of the motor response.
variance in absolute hemodynamic response timing reflects underlying neural activity. It is also notable that such correlation holds true across two separate brain regions (right and left motor cortex). While timing differences due to vasculature and other factors are still a considerable challenge, it is nonetheless intriguing that the behavioral response times of individual subjects can be predicted well by measurements of the hemodynamic response.
Self-Paced Event-Related fMRI Permits Accurate Response-Locked Timing
In all of the preceding analyses, the time window for hemodynamic response estimation was synchronized to the onset of the visual stimulus. However, self-paced methods should just as easily allow synchronization to any arbitrary temporal event, such as, for example, the subject's response within a trial. This possibility was explored by synchronizing the time-window of interest to the subject's response within the trial (responselocked) rather than to the onset of the visual stimulus (stimulus-locked).
An initial analysis was conducted to calculate the difference between LEFT and RIGHT trials across all functional runs and across all subjects using a response-locked time window. The response-locked analysis was performed in a manner similar to that used above for a stimulus-locked time window (see Fig. 2 ) using a full-TR bin width of 2360 ms, except that the hemodynamic response estimate began at the behavioral response time rather than at the stimulus onset time. The task correlated activation observed using the response-locked procedure was highly similar to that observed previously when the same comparison was performed using a stimulus-locked time window (Fig.  10, top panel) , confirming that resynchronizing the time-window to the subject's response minimally altered the power of the analysis or the estimation of brain areas activated.
In a second analysis, the hemodynamic response estimates of time-to-onset, time-to-peak, and amplitude corresponding to the FAST, MEDIUM, and SLOW conditions were estimated across motor cortical regions for both stimulus-locked and response-locked procedures. Results indicated that, as would be expected, responselocked procedures largely resynchronized the timing differences in motor cortex across conditions. While behavioral response time (FAST, MEDIUM, or SLOW) had a significant effect on the hemodynamic time-toonset estimate (ANOVA F(2, 15) ϭ 4.98, P Ͻ 0.05) in the stimulus-locked procedure, such an effect became nonsignificant in the response-locked procedure (ANOVA F(2,15) ϭ 1.25, P Ͼ 0.3). The interaction of behavioral response time and response-locking was not significant (ANOVA F(2, 30) ϭ 0.72, P Ͼ 0.4). Similarly, the amplitude estimate was also significantly affected by behavioral response time in the stimulus-locked procedure (ANOVA F(2,15) ϭ 5.15, P Ͻ 0.05) but not in the response-locked procedure (ANOVA F(2, 15) ϭ 0.63, P Ͼ 0.55). The interaction of behavioral response time and response-locking was also not significant (ANOVA F(2, 30) ϭ 2.58, P Ͼ 0.09). Interestingly, the time-topeak estimate retained an effect of behavioral response time both in the stimulus-locked (ANOVA F(2,15) ϭ 35.07, P Ͻ 0.0001) and in the response-locked procedures (ANOVA F(2,15) ϭ 6.33, P Ͻ 0.01), but the effect was qualitatively much smaller in the response-locked procedure. Most importantly, the interaction between behavioral response time and response-locking was significant for the time-to-peak estimate (ANOVA F(2,30) ϭ 13.28, P Ͻ 0.001), indicating that the effect of the behavioral response timing was significantly reduced when locking to the response rather than to the stimulus onset. In essence, the vast majority of the differences in timing across conditions disappeared when response-locking was implemented with a significant, but small, effect remaining in the time-to-peak estimate.
These collective results indicate that response-locking was successfully implemented within the selfpaced event-related method with minimal change in power and with resynchronization of the timing parameters. The small residual timing difference between conditions after response-locking suggests certain components of the temporal dynamics of neural activity, even for motor cortex, are not determined exclusively by the motor response time. The amplitude difference present after response-locking is itself likely to be a result of such residual timing difference.
DISCUSSION
An event-related fMRI paradigm was developed that allowed robust hemodynamic response estimates to be derived from rapid, arbitrarily timed events. Two goals were pursued in developing the paradigm. The first goal was to determine the paradigm's ability to successfully detect task correlated brain activation during trials that were fully self-paced by the subjects and occurred, on average, faster than the TR (see also Burock et al., 1998) . The second goal was to investigate the potential use of the self-paced method in the quantification and characterization of the hemodynamic response.
With regard to the first goal of response detection, several general observations were made. The selfpaced event-related method successfully detected activation in multiple brain regions known to be recruited during motor response execution. In addition, detection of task correlated brain activity was successful both at the group-and at the individual-subject level, with activation patterns for individual subjects closely paralleling those observed for the group average. Fi-nally, regional time-courses of the hemodynamic response extracted were qualitatively consistent in shape, amplitude, and timing with those obtained in previous fixed-pace event-related studies, suggesting that estimates based on arbitrarily timed events are roughly comparable to those obtained with standard paradigms using fixed stimulus pacing (Boynton et al., 1996; Buckner et al., 1996; Konishi et al., 1996; Miezin et al., 2000) .
It is also notable that the paradigm accurately detected task correlated brain activity even in the face of a rapid rate of trial presentation (median group behavioral response times were under 1150 ms resulting in a median trial spacing of less than 1900 ms). This is consistent with previous results indicating that the relative decrease in amplitude observed with increasingly faster presentation rates is more than compensated by the increase in power that one earns by presenting a greater number of trials (Miezin et al., 2000) . These findings reinforce a point made by Burock and colleagues (1998) that the rate of trial presentation in a cognitive study need not be constrained by the fastest rate of scanner image acquisition. Nevertheless, it should be noted that some degree of nonlinearity in the hemodynamic response does play a role in response summation for rapidly occurring stimuli (see Dale and Buckner, 1997; Friston et al., 1997; Robson et al., 1998; Vazquez and Noll, 1998; Miezin et al., 2000 for discussion) .
Investigations in pursuit of the second goal also resulted in several important observations. First, the self-paced paradigm produced an even sampling of the hemodynamic response across the image acquisition, much like paradigms that explicitly jitter the trial onset in relation to image acquisition to increase hemodynamic response sampling (e.g., Josephs et al., 1997; Miezin et al., 2000) . In practice this resulted in the ability to achieve temporal resolutions better than that of the image acquisition rate (TR). Moreover, the increased response sampling afforded by the self-paced method was utilized to derive stable hemodynamic response estimates. Specifically, mean hemodynamic timing estimates showed a high degree of correlation with mean behavioral response times, demonstrating a strong coupling between the timing of a parameter indirectly associated with neural activity (time-to-peak of the hemodynamic response) and a behavioral index   FIG. 10 . Time-locking to response rather than to stimulus onset leads to similar statistical maps while yielding resynchronized hemodynamic response estimates. (Top) Group-averaged statistical activation maps are shown for BOLD signal differences between RIGHT and LEFT trials, for either stimulus-locked (left) or responselocked (right) hemodynamic response time-windows. Maps are hor izontal sections overlaid on the corresponding structural images averaged across all subjects. (Bottom) The remaining three panels show stimulus-locked (light) and response-locked (dark) mean hemodynamic response estimates of time-to-onset, time-to-peak, and amplitude across subjects for FAST, MEDIUM, and SLOW conditions. Error bars show standard errors of the mean. Resynchronizing to the subject's response led to an expected decrease in the magnitude of the timing parameters, together with a decrease in the uncertainty of the estimates. of neural activity (response time). Placing boundary conditions on the utility of the methods, there was clear evidence that hemodynamic timing differences of about 600 ms could be detected but not differences below 400 ms. However, the achievable temporal resolution should, in theory, be lower than 400 ms given more power (see also Menon et al., 1998) .
Interestingly, the correlation between timing parameters and behavioral response time remained strong when considering between-subject correlations. That is, the absolute (not relative) time of the hemodynamic response predicted well individual subject behavioral response times. This latter finding suggests that a significant portion of the variance in the absolute timing estimates observed across subjects reflected meaningful differences in timing of neural activity, rather than differences in non-neural components, such as contributions from the underlying vasculature.
Perhaps most compelling was the observation that hemodynamic response estimates could be derived equally well for stimulus-locked (i.e., time window begins with stimulus onset) and response-locked (i.e., time window begins with response time) analyses (see also Richter et al., 2000) . The response-locked procedure yielded maps of task correlated activation virtually identical to those obtained using a stimulus-locked procedure, indicating minimal change in the power of the analysis. Moreover, significant resynchronization of the hemodynamic response timing estimates occurred after response-locking the time window.
Caveats
Several caveats associated with the procedures and results are worth noting. First, although hemodynamic response estimates were initially computed without making assumptions about the shape of the hemodynamic response, regions were ultimately selected based on their fit to a specific response shape (a set of temporally lagged gamma functions). Parameter estimates used in subsequent analyses were then calculated based on the model fit to a gamma function. In this regard, regions showing significantly different shapes would be missed. Also, it might be possible to bias timing estimates using such a procedure. We do not think such a bias significantly influenced the present results because a wide range of hemodynamic response delays were allowed in the initial regional screening procedure, far exceeding the range of the tested effects. In addition, for all critical comparisons, region definition was made on a combined data set orthogonal to the latter comparisons exploring more specific questions about timing.
A second caveat concerns the generality of the results. Shifts in hemodynamic timing were noted in motor cortex at the subsecond level, and these differences were used to make inferences about underlying neural timing differences. That is, we interpret them as a shift in the timing of the underlying neural activity, not as a change in duration or intensity. It should be noted that increasing the duration of neural activity can also lead to a shift in time-to-peak parameters (Boynton et al., 1996) . In other situations, amplitude variations track time-to-peak variations. In these instances, increases in amplitude are associated with correspondingly slower time-to-peak estimates. Thus, an important caveat is that inferences about underlying neural activity timing should be made carefully, as multiple factors will determine the observed time-topeak estimates. However, it is likely that such interpretation difficulties do not play a role in this study, considering that amplitude estimates actually decreased with increasing time-to-peak estimates (Fig. 8 , bottom panel) although only significantly for left motor cortex. This raises a separate question: Why did amplitude estimates decrease as mean reaction time and time-to-peak estimates increased?
One possibility is that summing responses over temporally variable hemodynamic responses causes a subtle blurring of the signal. That is, the evoked hemodynamic response differs from trial to trial and its temporal variance will be greatest in the conditions with the longest mean response times (e.g., the SLOW condition in this study). The effect might be a small reduction in observed amplitude in the average response, with the reduction becoming more prominent as the variance in the response times increases. A clue that such a phenomenon is occurring is the finding that the amplitudes are quantitatively more similar across conditions in the response-locked analysis, where temporal variance is substantially reduced in relation to the motor response.
A final caveat regarding the proposed procedures is that self-paced designs make the inclusion of control or "fixation" trials (e.g., Buckner et al., 1998) slightly more complicated. A possible solution would be to use a "semi-self-paced" design, in which the non-fixation trials occur in a self-paced fashion while the fixation trials are of a fixed duration and are inserted into the trial sequence a priori by the experimenter.
Summary
These collective findings have broad implications for design and analysis of fMRI task paradigms. fMRI data analysis can effectively handle paradigms where the trial timing is unpredictable and rapid (see also Daselaar et al., 2001) . Many types of study that seek to localize brain activation associated with unpredictably timed events would be well-served by the self-paced event-related paradigm, such as when exploring neural correlates of seizure activity or when exploring paradigms requiring subjects to respond as rapidly as possible. Self-paced procedures may be particularly well suited for patient studies and studies of children.
